Introduction {#Sec1}
============

Exclusive vector meson (VM) photoproduction, $\documentclass[12pt]{minimal}
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                \begin{document}$${\upgamma _{}^{}} \mathrm{p}\rightarrow \mathrm {VM}\mathrm{p}$$\end{document}$, has received renewed interest following recent studies of ultraperipheral collisions involving ions and protons at the CERN LHC \[[@CR1], [@CR2]\]. In such collisions, photon-induced interactions predominantly occur when the colliding hadrons are separated by a distance larger than the sum of their radii. In this case, one of the hadrons may emit a quasi-real photon that fluctuates into a quark-antiquark pair with the quantum numbers of the photon, which can then turn into a VM upon interacting with the other hadron. The interaction of the VM with the hadron proceeds via the exchange of the vacuum quantum numbers, the so-called pomeron exchange. Proton--lead (pPb) collisions are particularly interesting for studying photon--proton interactions \[[@CR3], [@CR4]\] because the large electric charge of the Pb nucleus strongly enhances photon emission. Also, in these events, one can determine the photon direction and hence the photon--proton centre-of-mass energy $\documentclass[12pt]{minimal}
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                \begin{document}$$W_{{\upgamma _{}^{}} \mathrm{p}}$$\end{document}$ unambiguously. This advantage is not present in symmetric colliding systems such as pp interactions. Exclusive VM photoproduction is interesting because the Fourier transform of the *t* distribution, with *t* being the squared four-momentum transfer at the proton vertex, is related to the two-dimensional spatial distribution of the struck partons in the plane transverse to the beam direction. Furthermore, some models suggest that the energy dependence of the integrated cross section and that of the *t* distribution may provide evidence of gluon saturation, as discussed in Refs. \[[@CR5]--[@CR10]\].

By using ultraperipheral pPb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{\smash [b]{s_{_{\mathrm {NN}}}}} = 5.02\,\text {Te}\text {V} $$\end{document}$ at the LHC, the ALICE Collaboration has measured the exclusive photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$${{J/\uppsi _{}^{}}}{{\left( {1S}\right) }{}_{}^{}}$$\end{document}$ mesons in the centre-of-mass energy interval $\documentclass[12pt]{minimal}
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                \begin{document}$$20< W_{{\upgamma _{}^{}} \mathrm{p}} < 700\,\text {Ge}\text {V} $$\end{document}$ \[[@CR11], [@CR12]\]. The LHCb Collaboration has studied exclusive $\documentclass[12pt]{minimal}
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                \begin{document}$${{\uppsi _{}^{}}}{{\left( {2S}\right) }{}_{}^{}}$$\end{document}$, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\Upsilon _{}^{}$$\end{document}$ (nS) photoproduction in pp collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$8\,\text {Te}\text {V} $$\end{document}$ \[[@CR13], [@CR14]\]. Exclusive photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$${{{\uprho _{}^{}} _{}^{}}{{\left( {770}\right) }{}_{}^{}}} ^{0}$$\end{document}$ mesons was first studied in fixed-target experiments at $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Ge}\text {V}$$\end{document}$ \[[@CR15], [@CR16]\]. Experiments at the HERA electron--proton collider at DESY have studied this process at $\documentclass[12pt]{minimal}
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                \begin{document}$$W_{{\upgamma _{}^{}} \mathrm{p}}$$\end{document}$ values ranging from 50 to 187$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Ge}\text {V}$$\end{document}$, both with quasi-real photons and for photons with larger virtualities \[[@CR17], [@CR18]\]. The HERA data have provided clear experimental evidence for the transition from the soft to the hard diffractive regime \[[@CR19], [@CR20]\]. More recently, exclusive photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$${{{\uprho _{}^{}} _{}^{}}{{\left( {770}\right) }{}_{}^{}}} ^{0}$$\end{document}$ mesons has been studied by the STAR Collaboration in ultraperipheral AuAu collisions at the BNL RHIC collider \[[@CR21]--[@CR23]\], and by the ALICE Collaboration in PbPb collisions \[[@CR24]\]. The cross sections measured by the ALICE and STAR Collaborations in photon-nucleus interactions are 40% lower than both the prediction from the Glauber approach and the corresponding measurements in photon--proton interactions \[[@CR24], [@CR25]\]. However, the Glauber approach reproduces the measured cross sections well at lower energies. This is an indication that nuclei do not behave as a collection of independent nucleons at high energies. In the present analysis, exclusive photoproduction of $\documentclass[12pt]{minimal}
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                \begin{document}$${{{\uprho _{}^{}} _{}^{}}{{\left( {770}\right) }{}_{}^{}}} ^{0}$$\end{document}$ mesons in the $\documentclass[12pt]{minimal}
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                \begin{document}$${\uppi _{}^{}} _{}^{-}$$\end{document}$ decay channel in ultraperipheral pPb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {Te}\text {V}$$\end{document}$ is measured. The cross section is measured as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$W_{{\upgamma _{}^{}} \mathrm{p}}$$\end{document}$ and *t*. In this paper $\documentclass[12pt]{minimal}
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                \begin{document}$$|t |$$\end{document}$ is defined as the squared transverse momentum of the $\documentclass[12pt]{minimal}
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                \begin{document}$${{{\uprho _{}^{}} _{}^{}}{{\left( {770}\right) }{}_{}^{}}} ^0$$\end{document}$ meson, $\documentclass[12pt]{minimal}
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                \begin{document}$$|t | \approx p_{\mathrm {T}} ^{2}$$\end{document}$.

This paper is organized as follows. Section [2](#Sec2){ref-type="sec"} describes the experimental apparatus and Sect. [3](#Sec3){ref-type="sec"} the data and simulated Monte Carlo samples. The event selection procedure is illustrated in Sect. [4](#Sec4){ref-type="sec"}. Section [5](#Sec5){ref-type="sec"} discusses the background contributions and Sect. [6](#Sec6){ref-type="sec"} the strategy used to extract the signal; the systematic uncertainties are summarized in Sect. [7](#Sec7){ref-type="sec"}. The total and differential cross sections are presented in Sect. [8](#Sec8){ref-type="sec"}. The results are summarized in Sect. [9](#Sec9){ref-type="sec"}.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {m}$$\end{document}$ internal diameter, providing a magnetic field of 3.8$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {T}$$\end{document}$. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungsten crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. The silicon tracker measures charged particles within the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |< 2.5$$\end{document}$. It consists of 1440 silicon pixel and 15,148 silicon-strip detector modules and is located in the field of the superconducting solenoid. For nonisolated particles of $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\mu \text {m}$$\end{document}$ in the transverse (longitudinal) direction \[[@CR26]\].

The pseudorapidity coverage for the ECAL and HCAL detectors is $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<3.0$$\end{document}$. The ECAL provides coverage in the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<1.5$$\end{document}$ in the barrel (EB) region and $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5<|\eta |<3.0$$\end{document}$ in the two endcap (EE) regions. The HCAL provides coverage for $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<1.3$$\end{document}$ in the barrel (HB) region and $\documentclass[12pt]{minimal}
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                \begin{document}$$1.3<|\eta |< 3.0$$\end{document}$ in the two endcap (HE) regions. The hadron forward (HF) calorimeters ($\documentclass[12pt]{minimal}
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                \begin{document}$$3.0<|\eta | < 5.2 $$\end{document}$) complement the coverage provided by the barrel and endcap detectors. The zero-degree calorimeters (ZDCs) are two Čerenkov calorimeters composed of alternating layers of tungsten and quartz fibers that cover the region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |>8.3$$\end{document}$. Both the HF and ZDC detectors are divided into two halves, one covering positive pseudorapidities, the other negative, and referred to as HF+ and ZDC+ (and HF- and ZDC-), respectively. Another calorimeter, CASTOR, also a Čerenkov sampling calorimeter, consists of quartz and tungsten plates and is located only at negative pseudorapidities with coverage of $\documentclass[12pt]{minimal}
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                \begin{document}$$-6.6<\eta <-5.2$$\end{document}$.

A more detailed description of the CMS detector, together with the definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR27]\].

Data and Monte Carlo simulation {#Sec3}
===============================

This analysis uses data from pPb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{\smash [b]{s_{_{\mathrm {NN}}}}} = 5.02\,\text {Te}\text {V} $$\end{document}$ collected with the CMS detector in February 2013. The beam energies are 4$\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {L}} = 9.6\,\mu \text {b}^{-1} $$\end{document}$ for the Pbp data set (protons circulating in the positive *z* direction). Since the events are asymmetric in rapidity, the pPb and Pbp samples are merged after changing the sign of the rapidity in the Pbp sample.

The[starlight]{.smallcaps} (version 2.2.0) Monte Carlo (MC) event generator \[[@CR28]\] is used to simulate exclusive $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{{\uprho _{}^{}} _{}^{}}{{\left( {770}\right) }{}_{}^{}}} ^{0}\rightarrow {{\uppi _{}^{}} _{}^{+}} {{\uppi _{}^{}} _{}^{-}} $$\end{document}$ decay. The[starlight]{.smallcaps} generator models two-photon and photon-hadron interactions at ultrarelativistic energies. Two processes contribute to the exclusive $\documentclass[12pt]{minimal}
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                \begin{document}$${{\uppi _{}^{}} _{}^{+}} {{\uppi _{}^{}} _{}^{-}} $$\end{document}$ production, including the interference term. Both processes are generated in order to calculate the signal acceptance and efficiency, and to extract the corrected signal yield.[starlight]{.smallcaps} is also used to generate exclusive $\documentclass[12pt]{minimal}
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                \begin{document}$${{\uprho _{}^{}} _{}^{}}{{\left( {1700}\right) }{}_{}^{}}$$\end{document}$ events. The pPb and Pbp samples are produced separately. The events are passed through a detailed [Geant4]{.smallcaps} \[[@CR29]\] simulation of the CMS detector in order to model the detector response, and are reconstructed with the same software used for the data.

Event selection {#Sec4}
===============

Table [1](#Tab1){ref-type="table"} presents the number of events after each selection requirement is applied. Events were selected online \[[@CR30]\] by requiring the simultaneous presence of the two beams at the interaction point, as measured by the beam monitor timing system, in conjunction with at least one track in the pixel tracker. Offline, events are discarded if they have an energy deposit in any of the HF towers above the noise threshold of 3$\documentclass[12pt]{minimal}
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A sizable background contribution comes from proton dissociative events, $\documentclass[12pt]{minimal}
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Background {#Sec5}
==========
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Signal extraction {#Sec6}
=================
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Systematic uncertainties {#Sec7}
========================

The following sources of systematic uncertainty are considered.

*Integrated luminosity determination*: The uncertainty in the integrated luminosity is 4% for both the pPb and Pbp samples \[[@CR41]\].

*Track reconstruction*: The contribution of the tracking efficiency to the systematic uncertainty is studied with the method described in Ref. \[[@CR26]\], where the ratio of yields of neutral charm mesons decaying to two-body and four-body final states is compared with data and simulation for pion momenta above 300$\documentclass[12pt]{minimal}
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*Unfolding*: The uncertainty associated with the unfolding procedure is determined by modifying the number of iterations used for the Bayesian unfolding from the nominal value of 4 to 3 and 5. The resulting uncertainty is smaller than that found when changing the model for building the response matrix. The latter is estimated by comparing two different[starlight]{.smallcaps} samples: resonant $\documentclass[12pt]{minimal}
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*Uncertainty in the photon flux:* The uncertainty in the photon flux is 9% for the high-$\documentclass[12pt]{minimal}
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*Calorimeter exclusivity*: The uncertainty related to the exclusivity requirements is evaluated by varying the calorimeter energy thresholds. Increasing (or decreasing) the energy scale of the HF calorimeter towers by 5% results in a 1.0% variation of the exclusive $\documentclass[12pt]{minimal}
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*Model dependence*: In order to assess the uncertainty due to the model used to fit the invariant mass distribution, the Ross--Stodolsky model \[[@CR43]\] is used instead of the Söding model. The resulting cross section changes by up to 8%, depending on the rapidity and $\documentclass[12pt]{minimal}
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The differential cross section for exclusive photoproduction of $\documentclass[12pt]{minimal}
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=======
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